Angiostatic therapies designed to inhibit neovascularization associated with multiple pathological conditions have only been partially successful; complete inhibition has not been achieved. We demonstrate synergistic effects of combining angiostatic molecules that target distinct aspects of the angiogenic process, resulting in the complete inhibition of neovascular growth associated with development, ischemic retinopathy, and tumor growth, with little or no effect on normal, mature tissue vasculature. Tumor vascular obliteration using combination angiostatic therapy was associated with reduced tumor mass and increased survival in a rat 9L gliosarcoma model, whereas individual monotherapies were ineffective. Significant compensatory up-regulation of several proangiogenic factors was observed after treatment with a single angiostatic agent. In contrast, treatment with combination angiostatic therapy significantly reduced compensatory up-regulation. Therapies that combine angiostatic molecules targeting multiple, distinct aspects of the angiogenic process may represent a previously uncharacterized paradigm for the treatment of many devastating diseases with associated pathological neovascularization.
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combination therapy ͉ eye disease ͉ tumor therapy ͉ neovascularization N eovascularization contributes to the pathogenesis of tumor growth (1) and metastasis (2) as well as the vast majority of diseases that lead to catastrophic loss of vision (3) (4) (5) . Largely as a result of an increased understanding of mechanisms underlying angiogenesis, a large number of angiostatic molecules have been described (6) , many proving to be valuable clinical adjuncts to conventional chemotherapy, reducing tumor loads and prolonging survival. Angiostatics have also proven to be modestly effective therapeutics for neovascular eye diseases, reducing the rate of severe vision loss (7) . However, treatments using single angiostatics have yet to demonstrate complete inhibition of neovascular growth in the clinic and thus far have only delayed tumor growth (8, 9) or vision loss (5) .
Angiogenesis, the growth of new blood vessels from preexisting capillaries, is a fundamental biological process essential to survival of the organism. As such, redundant mechanisms have evolved to facilitate new blood vessel growth, and, in vivo, angiogenesis is likely to be initiated by the combined activation of multiple pathways. These compensatory mechanisms may be what ultimately limit the therapeutic potential of antiangiogenic monotherapies, because blocking a single pathway may induce compensation by other proangiogenic pathways (10) . During the angiogenic process, endothelial cell proliferation and migration is first stimulated by multiple growth factors (1) . Subsequently, dividing endothelial cells mediate controlled degradation of the extracellular matrix (ECM) (11) , navigate the extracellular milieu by using various ECM receptors and cell-cell adhesion molecules (12, 13) , organize the formation of a central lumen, and mature into a functional vessel.
We hypothesized that combining antiangiogenic treatments may yield higher efficacy than monotherapy. Therefore, the combined action of three classes of angiostatic compounds, each targeting different aspects of the angiogenic process, was tested. To block stimulation, we used a VEGF aptamer chemically identical to Macugen, recently approved for the treatment of neovascular eye diseases (14) . To target extracellular matrix-mediated endothelial cell survival, we used a small-molecule ␣ v ␤ 3 and ␣ v ␤ 5 integrin antagonist (EMD472523, Merck, Darmstadt, Germany) (15, 16) . To block endothelial intracellular adhesion and lumen formation, we used T2-TrpRS (T2), a proteolytic fragment of tryptophan tRNA synthetase with angiostatic activity linked to its ability to block VE-cadherin-mediated adhesion. Although the precise mechanism of action of T2 is not defined, it is important to note that it does not bind VEGF, VEGF receptors, or ␣ v ␤ 3 and ␣ v ␤ 5 integrins (refs. 17 and 18 and M.I.D. and M.F., unpublished observations). Here, we demonstrate profound synergistic antiangiogenic activity by combining antiangiogenics that target distinct aspects of the angiogenic process and suggest that such combination therapy may be effective in the treatment of neovascular diseases. We also observe that the synergistic effects of combination therapy may be due to blocking up-regulation of compensatory pathways.
Results
Combination Therapy Enhances Angiostatic Activity During Development. The neonatal mouse retinal developmental angiogenesis model was used to test the efficacy of each monotherapy (Fig.  1A) . Optimal effective doses of 2.0 g per eye (215 pmol) for the VEGF aptamer, 10 g per eye (20 nmol) for the integrin antagonist, and 0.25 g per eye (5.2 pmol) for T2, were found. At these maximum effective doses, monotherapy treatment resulted in no angiostatic effect in Ϸ1/3 of the treated retinas and caused high levels of inhibition (Ͼ75%) in 17-35% of the retinas, depending on the monotherapy tested ( Fig. 1 B and C) . In combination, the angiostatic effect was markedly improved, with the combination of all three (1ϫ triple) being better than the combination of any two. Only 2 of the 24 retinas treated with triple combination demonstrated any substantial neovascularization, whereas 20 had Ͼ90% inhibition, of which 15 (63%) exhibited complete inhibition of deep vascular plexus formation where no neovascular sprouts were observed ( Fig. 1 B and C) . This result is a striking improvement over angiostatic monotherapies, which resulted in complete inhibition in only 2 of 118 (2%) retinas. Central vessels of the superficial plexus that had formed before injection, as well as retinal morphology, remained normal, indicating no detectable toxicity to established vasculature (Fig. 1C) .
Combining Angiostatic Therapy Results in Synergistic Activity. In combination, the angiostatic therapies were effective at much lower concentrations than when used as individual monotherapies. Even when diluted up to 100-fold (0.01ϫ), triple combination inhibited angiogenesis at levels comparable to optimal (1ϫ) doses of any monotherapy ( Fig. 2A) . Ten-fold dilution of the triple combination (0.1ϫ triple) demonstrated extensive neovascular inhibition with complete inhibition observed in 44% of the treated retinas. At these same 0.1ϫ concentrations, the angiostatic activity of each monotherapy was negligible (Fig.  2B) , demonstrating that combining multiple angiostatic drugs was synergistic rather than additive. It is important to note that, during injection, reflux of the drug can be an issue because of injection of small volumes (0.5 l) into small neonatal mouse eyes. This is a potential source of the variability observed with monotherapy treatments at optimal doses; any significant leakage of the drug could result in ineffective concentrations. In contrast, combination therapy, which is effective at much lower concentrations because of synergism, would remain effective despite any substantial reflux that may occur during individual injections.
Similar synergistic properties were observed when the VEGF aptamer was replaced by commercially available anti-VEGF products such as Macugen, a specific inhibitor of VEGF 165 (19) , or Avastin, an anti-VEGF antibody that blocks all VEGF-A isoforms and is currently approved for the treatment of metastatic colorectal cancer (20) . Although Avastin has low reactivity with mouse VEGF compared with human VEGF, Avastin monotherapy demonstrated significant activity similar to the VEGF aptamer, and synergism with T2 and the integrin antagonist were still apparent. Combining three VEGF antagonists did not result in improved angiostatic activity as compared with VEGF monotherapy alone [supporting information (SI) Fig. 6 ], suggesting that combining angiostatics with distinct targets is important for synergistic activity. For an inclusive table of the developmental model data, see SI Table 1 .
Combination Therapy Inhibits Pathological Neovascularization. To study the synergistic properties of combination therapy in a model of pathological angiogenesis, we used the mouse model of oxygeninduced retinopathy (OIR), a commonly used model of hypoxiainduced pathological neovascularization with consistent, quantifi- able vascular changes ( Fig. 3A ) (21, 22) . Retinas treated with the combination of any two angiostatics displayed significantly less pathological neovascularization than retinas treated with the respective monotherapies at the same concentration (Fig. 3B) . The most successful combination was T2 plus VEGF aptamer, which resulted in an average 80% reduction of pathological neovascularization compared with PBS-treated retinas, with many of the treated retinas displaying no pathological neovascularization at all (Fig. 3C) . In the OIR model, triple-combination therapy did not offer significant improvement of angiostatic activity beyond that observed with this double combination.
Combination Therapy Results in Obliteration of Tumor Vasculature.
We next tested the effects of triple-combination therapy in a 9L rat gliosarcoma model. This is a rapidly growing, highly vascular tumor model in which intra-cerebral 9L tumors are established in adult rats, uniformly leading to tumor-related mortality 3-4 weeks after implantation (23) . Rats were treated with either PBS or a combination of T2 (1.5 mg/ml), VEGF aptamer (2.0 mg/ml), and integrin antagonist (5 mg/ml) via intratumoral convectionenhanced delivery, initiated 6 days after tumor implantation. After 3-day delivery of triple-combination therapy (5 l/hr), large avascular tumor regions were found (Fig. 4 A and B) , associated with a massive influx of mononuclear cells (Fig. 4C) .
Four of seven rats had nearly complete vascular obliteration in the tumor region, whereas three had regions of normally vascularized tumor growing peripheral to the avascular zone. After 6 days of treatment using a slower convection rate (2.5 l/hr), large avascular areas and mononuclear cell infiltrate were associated with significantly reduced tumor; empty cavities were observed where tumor would normally be located (Fig. 4D) . Small areas of tumor with normal vasculature were often observed in adjacent regions near the periphery, presumably at the outer limits of effective drug convection, demonstrating a correlation between vascular integrity and tumor persistence. Normal brain vasculature was not affected. Tumors in PBStreated rats displayed typical tumor vascularization (Fig. 4 A and 
E).
A much smaller infiltrate of mononuclear cells, which may be the result of an immune response created by the delivery technique or naturally occurring necrosis at the tumor center, was also observed in the PBS-treated tumor regions (Fig. 4C) . Monotherapy treatment resulted in no significant difference in tumor vascularization compared with PBS treatment (SI Fig. 7 ). In three separate survival studies, treatment with triplecombination therapy significantly prolonged rat survival. When treated with two separate 24-hour pumps (8 l/hr) at days 6 and 13 after tumor implantation, median survival rates were increased by 18%. When treated with 6 days of continuous infusion (2.5 l/hr) starting at 6 days after tumor implantation, mean survival was increased by 25% and maximum survival by 29% (Fig. 4F) .
Compensatory Up-Regulation Follows Angiostatic Monotherapy
Treatment. To test the theory that angiostatic monotherapies induce compensatory up-regulation of proangiogenic factors, an ELISAbased assay was used to quantify the expression levels of angiogenic proteins in normal (nontreated) retinas and in retinas treated with vehicle (PBS), angiostatic monotherapies, or combination therapy. Significant up-regulation of VEGF, basic FGF (FGFb), and IL-6 was observed in retinas treated with either T2 or VEGF aptamer monotherapy solutions (Fig. 5A) . Only FGF-␤ remained significantly up-regulated in triple-combination-treated retinas. Of 11 proangiogenic factors that were expressed in the five retinal groups, many were consistently up-regulated after T2 or VEGF aptamer monotherapy. Overall changes in the expression of proangiogenic factors demonstrated significant up-regulation after treatment with T2 (P Ͻ 0.01) or the VEGF aptamer (P Ͻ 0.001), but not in the triple combination-treated retinas (P ϭ 0.26), compared with PBS-treated retinas (Fig. 5B) . Overall expression levels of proangiogenic factors were also significantly lower in retinas treated with triple combination compared with those treated with T2 or VEGF aptamer monotherapies, demonstrating global reduction in the levels of compensatory up-regulation. Our observation that multiple angiogenic pathways are up-regulated in response to monotherapy, but not to triple combination treatment, supports the hypothesis that compensatory mechanisms might prevent single angiostatics from inhibiting neovascularization. 
Discussion
We have demonstrated dramatic, synergistic angiostatic activity by combining compounds that inhibit distinct aspects of the angiogenic process. Use of triple-combination angiostatic therapy resulted in nearly complete inhibition of developmental and pathological neovascularization as well as substantial reduction in tumor-associated vascular growth. In each case, normal, established vasculature was not affected. In addition, combined angiostatic therapy resulted in reduced tumor growth and significantly prolonged the lives of tumor-bearing rats. Combination therapies that target other pathways may be equally, or even more, effective, but our data suggest that it is important for any combination angiostatic therapy to use compounds that each target distinct aspects of the angiogenic process. Combining angiostatics targeting identical mechanisms (i.e., multiple VEGF antagonists) did not result in enhanced antiangiogenic activity (SI Fig. 6 ). These results provide proof of concept that targeting multiple angiogenic pathways can increase the effectiveness of antiangiogenic therapy and may provide an option for the treatment of neovascular diseases where complete inhibition of neovascularization is desirable. Significant compensatory up-regulation of various proangiogenic factors was demonstrated after treatment with T2 or the VEGF aptamer. This result supports the concept that persistent angiogenesis after angiostatic monotherapy treatment at least partially results from up-regulation of compensatory angiogenic pathways. The fact that compensatory up-regulation was observed in normal, developing (nontumor) tissues raises the interesting question of how stable populations of vascularrelated cells detect the loss of activity of one angiogenic factor and subsequently activate alternative pathways. Up-regulation was significantly reduced after treatment with combination therapy, suggesting that combination therapy prevents natural compensation, resulting in enhanced angiostasis. Significant up-regulation was not observed after treatment with the integrin antagonist. However, being the least potent of the angiostatics tested (Fig. 1B) , up-regulation may be below the detection sensitivity of our techniques. Alternatively, compensatory mechanisms involving the up-regulation of other survival and antiapoptotic factors, such as P53 rather than angiogenic stimuli, have been described during antagonism of ␣-v integrins (24) .
Although combination therapy significantly reduces upregulation of proangiogenic factors compared with VEGF antagonism or T2 monotherapy, some level of up-regulation is still evident. Many studies have demonstrated that angiogenesis is stimulated by an increase in proangiogenic factors beyond a critical point, a process commonly called the angiogenic switch (25) . The observed decreases in expression of various proangiogenic factors may lower the angiogenic stimuli below this critical threshold, resulting in substantially reduced neovascularization. However, it is also likely that combination angiostatic therapy prevents angiogenesis by blocking multiple pathways that are either inherent or up-regulated because of angiostatic treatment. Downstream angiogenic signaling pathways overlap substantially (6) . This highly integrated nature of angiogenesis signaling suggests that compensatory up-regulation of proangiogenic factors, as well as the proangiogenic effects of upstream initiators, can be reduced or eliminated by blocking a critical number of downstream events.
Increasing angiostatic efficacy by combination therapy as described here has important implications for clinical use. In neovascular eye diseases, loss of vision is associated with retinal edema, bleeding, and fibrosis secondary to abnormalities in the new, dysfunctional vessels (4). Partial inhibition still leaves abnormal vessels to bleed or leak fluid, which could explain results in clinical trials where vision is initially stabilized or even improved after angiostatic monotherapy but eventually continues to decrease (26) . Aside from transforming the new vessels into a normal, functional vasculature (27) , the complete inhibition of abnormal vessel growth by using combination angiostatic therapy may be the best method for preventing such complications of partial treatment.
High levels of angiostasis may also be required to prevent further tumor growth and metastasis. Monotherapies that reduce, rather than eliminate, neovascular growth are only likely to reduce continued growth and metastasis of tumors (28) . In fact, recent evidence suggests that much of the antitumor effects from angiostatic monotherapies may actually be the result of normalizing, rather than reducing, tumor vasculature, resulting in enhanced efficacy of other chemotherapies (29) . In contrast, we have demonstrated high levels of tumor-associated vascular obliteration in an established tumor using combination angiostatic therapy. This result is associated with a significant delay in mortality in an aggressive tumor model where any significant difference between treated and control groups indicates a strong effect (23, 30) . It is likely that the angiostatic compounds are cleared after treatment, leading to resumed growth in this highly aggressive tumor model. Such remaining tumor could theoretically reinitiate rapid growth, leading to eventual death. With improvements in drug delivery it may be possible to enhance survival.
Another advantage combination therapies offer is the use of relatively low doses. Elderly (e.g., age-related macular degeneration) or ischemic (e.g., diabetic) patients are likely to be collateralizing ischemic tissues, and high levels of circulating angiostatics could exacerbate or precipitate stroke or myocardial infarction (31) . For these and other patients, the use of lower, but effective, doses of angiostatic therapies is desirable to minimize adverse side effects, such as inhibiting physiological neovascularization. This is particularly important when anti-VEGF strategies are used, in light of the vasculo-and neurotrophic activities associated with VEGF (32) . Combination therapies that combine anti-VEGF activity with other angiostatics can maintain potent angiostatic activity at concentra- tions which may lessen any negative, nonangiogenic effects of VEGF antagonism. Together, our data demonstrate the potential utility of combining different angiostatic molecules for the treatment of disease-associated neovascularization. As more angiostatic molecules receive regulatory approval, their use in combination with each other should lead to more highly effective antiangiogenic therapies.
Materials and Methods
Sample Preparation. The VEGF aptamer was synthesized as a PEG-conjugated compound (Transgenomic, Boulder, CO) chemically identical to Macugen (14, 33) . Concentrations refer to active RNA aptamer rather than the total pegylated compound. Both the integrin antagonist (EMD472523; Merck) and the VEGF aptamer were stored as lyophilized powders and solubilized in RNase-free 1ϫ PBS before use. T2 (Angiosyn, La Jolla, CA) was stored in 50% glycerol at Ϫ20°C and dialyzed into sterile 1ϫ PBS before use. Macugen (Eyetech) and Avastin (Genentech, South San Francisco, CA) were obtained commercially. For combination therapy, individual solutions were combined at appropriate concentrations in PBS, and all treatments were applied in a single 0.5-l intravitreal injection.
Intravitreal Injections. All animal work adhered to strict protocol guidelines for the humane care and use of animals. Intravitreal injections were performed, retinas dissected, and the vasculature visualized as described (34) . For the neonatal mouse model, intravitreal injections of 0.5-l solutions were performed at P7 into Balb/C mice, and the resulting deep vasculature was analyzed at P12 by using anticollagen IV (AB756P; Chemicon, Temecula, CA) (Fig. 1 A) . OIR was induced as described by Smith et al. (21) ; P7 pups and their mothers were exposed to 75% oxygen for 5 days, followed by a return to room air (Fig. 3A) . Intravitreal injections were performed at P12, immediately after return to normoxia. Areas of preretinal neovascular tuft formation were analyzed at P17 by using published methods (35) .
Angiogenesis Array. Intravitreal injections were performed at P7 (0.5 l per eye), and, at P11, retinas were isolated and lysed in PBS buffer containing 1% Triton X-100 plus protease inhibitors (Roche, Indianapolis, IN). Three milligrams of total retinal lysate was hybridized to each membrane of an antibody-sandwich angiogenesis array (Panomics, Fremont, CA) according to the manufacturer's guidelines. In two separate experiments (duplicate spots ϭ 4 replicates total), the antibody arrays were hybridized and imaged together. Expression intensities were calculated by adding the total pixel intensity for each spot. Background was subtracted by calculating the average pixel intensity for a 1-pixel ring outside the spot and subtracting this baseline value from pixel intensity values within the spot. Interarray normalization was performed by using positivecontrol spots (eight per array) on each array. Protein expression levels were normalized to PBS controls so that changes in protein expression could be easily assessed. For statistical analysis of treatment groups, an ANOVA t test (one-tail, equal sample variance) was used.
Gliosarcoma Brain Tumor Model. Solitary intracerebral 9L tumors were established as described (23, 30) . Brief ly, 5 ϫ 10 4 9L gliosarcoma cells in 2 l of DMEM were stereotactically implanted into the right frontal lobe of adult male Fischer 344 rats. At 6 days after tumor implantation, osmotic pumps (DURECT; Alzet, Palo Alto, CA) were implanted with braininfusion catheters inserted into the center of the tumor. Convection-enhanced delivery (36) was established by using a constant f low of 5 l/hr for 3 days or 2.5 l/hr for 6 days. Compounds infused into the tumor include PBS, 1.5 mg/ml T2, 2.0 mg/ml VEGF aptamer, 10.0 mg/ml integrin antagonist, or the triple combination. After treatment, frozen sections were stained with DAPI (nuclei) and anti Collagen IV, or anti-Ki67 (Novoste, Springfield, VA), followed by f luorescently labeled secondary antibodies (Invitrogen, Carlsbad, CA). Two experimental setups were used for the survival studies. In one, 8.0 l/hr (Alzet) of solution was delivered for 24 h at 6 days and then again at 13 days after tumor implantation. In the other, a constant 2.5 l/hr pump of triple combination or PBS was infused from days 6 to 12 after tumor implantation. For each survival study, the dates of mortality or severe morbidity (euthanasia) were recorded, and the results of two separate experiments were combined.
